The human b-globin locus is home to ®ve genes that are regulated in a tissue-speci®c and developmental stage-speci®c manner. While the exact mode of expression remains somewhat enigmatic, a signi®-cant effort has been focused at the locus control region (LCR). The LCR is marked by ®ve DNase Ihypersensitive sites (HS)~15 kb upstream of the e-globin gene. Nuclear matrix-associated regions (MARs) organize chromatin into functional domains and at least one of the HS appears bound to the nuclear matrix. We have employed an in vivo based PCR MAR assay to investigate the role of MARmediated regulation of the b-globin locus. This was facilitated with a novel reaction ef®ciency based quantitative real-time PCR analysis software tool, Target Analysis Quanti®cation. Using a log-linear regression strategy, discordances were eliminated. This allowed us to reliably estimate the relative amount of initial template associated with the nuclear matrix at 15 unique regions spanning the b-globin locus in both non-expressing and expressing cell lines. A dynamic association dependent on expression status was revealed both at the LCR/ 5¢HS region and within the second intron of the b-globin gene. These results provide the ®rst evidence that nuclear matrix association dynamically mediates the looping of the b-globin locus to achieve transcriptional control.
INTRODUCTION
With complete sequences available for the human genome (1, 2) , an enormous amount of attention has been directed towards understanding the relationships that exist between chromatin structure and function (3±7). An elaborate chromatin structure is not only thought to package and protect the genome but also provide a mechanism to regulate gene expression.
Individual chromosomes occupy distinct territories within the cell nucleus (4, 8, 9) . Until recently, the nuclear matrix was regarded as a static structure. It was thought to arrange chromatin into transcriptional domains, by providing a place for the transcriptional machinery and active genes to intermingle (7, 10) . In some cases these anchors can also function to shield speci®c domains from neighboring enhancers and the silencing effects of heterochromatin (11, 12) . While these and other roles of nuclear matrix±DNA interaction have been scrutinized (3) , the exact nature of their association and the role provided by the nuclear matrix remains to be fully characterized.
The b-globin gene cluster has long been a prototype for studying the regulation of multigenic loci (13±16). This locus spans a region of~70 kb and contains ®ve developmentally regulated and tissue-speci®c genes, i.e. e® G g® A g®d®b. Hematopoeiesis originates in the embryonic yolk sac expressing the e-globin gene. As development proceeds, the g-globin genes are expressed in the fetal liver, the d-globin gene is expressed in the neonate and the b-globin gene in the adult bone marrow (15) . The classic`looping' model of regulation purports that the ®ve most proximal DNase I-hypersensitive sites (5¢HS5±5¢HS1) of the LCR work in concert to interact with various regions of the domain at de®nitive times during development through a looping mechanism (17±21). Each 5¢HS performs a different function in promoting the proper spatial and temporal regulation of the domain, as summarized in Table 1 . A computational search and sequence comparison has provided additional evidence to support the looping model and offered a mechanism mediated by alterations in genespeci®c nuclear matrix attachment (22) . This model predicted that the LCR was consistently located at the nuclear matrix and that speci®c genes within the locus are either recruited to or away from the nuclear matrix-bound LCR in a developmental and tissue-speci®c manner. It was proposed that this movement either enhanced or attenuated transcription by altering the three-dimensional proximity of the genes to the LCR.
Nuclear matrix association has been assessed using Southern hybridization (23) , reassociation (5, 24) and standard PCR assays (25) . These techniques are not amenable to the rapid genome-wide analysis afforded by real-time PCR. However, to reliably measure differences between matrixassociated and loop enriched DNA samples with quantitative real-time PCR, another dimension inherent to all PCR assays must be addressed. Under ideal conditions, a doubling of PCR products should be observed with each ampli®cation cycle (26, 27) . This ef®ciency is seldom achieved (28±30). It usually differs within and among reactions and can vary by as much as 50%. When the initial amount of template in several samples is equal, deviations as small as 5% in reaction ef®ciency can lead to discordant estimates in the relative amount of starting material (31) . However, as we show, the relative amount of initial template can be accurately and reliably determined using a log-linear regression strategy that considers ampli®-cation ef®ciency. This has been implemented in the Target Analysis Quanti®cation (TAQ) software (http://vortex.cs. wayne.edu/Projects.html). The utility of this software is demonstrated by its ability to detect differences in the association of speci®c regions of the human b-globin locus with the nuclear matrix in both non-expressing and expressing cell lines. The results of this study provide the ®rst evidence that nuclear matrix association mediates the looping transcriptional control of the b-globin locus.
MATERIALS AND METHODS

In silico prediction of matrix attachment
Three different matrix-associated region prediction algorithms were used to detect candidate MARs within 81.1 kb surrounding the b-globin locus (NCBI accession no. NG_ 000007.2). These were MARFINDER, now known as MARWIZ (http://www.futuresoft.org/MarFinder/) (32), SMARTest (http://www.genomatix.de/cgi-bin/smartest_pd/ smartest.pl) (33) and MARSCAN (http://www.hgmp.mrc. ac.uk/Software/EMBOSS/) (34) .
In vivo determination of matrix attachment
Prior to the in vivo determination of matrix attachment, an endonuclease restriction site map was developed using DS Gene ver. 1.1 (Accelrys, Burlington, MA). Appropriate PCR primer pairs were designed to interrogate the predicted MAR regions using OLIGO ver. 6 (Molecular Biology Insights, Cascade, CO).
An optimal time for nuclear protein extraction was resolved. Human fetal ®broblast (GM00468) and human erythromyeloid (K562) cells stored at ±80°C in frozen storage buffer (25) were gently thawed and washed in~2 ml phosphate-buffered saline (PBS) supplemented with 1 mg/ml bovine serum albumin (BSA) and Roche Biochemicals Complete Proteinase Inhibitor (CPI) (protease inhibitor cocktail inhibiting serine proteases, cysteine proteases, metalloproteases and calpains, 1 mini tablet per 10 ml solution; Roche Biochemicals, Indianapolis, IN). The cells were resuspended in~2 ml of PBS supplemented only with CPI. The cells were lysed on ice for 15 min using 2 ml of nuclei buffer (10 mM Tris pH 7.7, 100 mM NaCl, 0.3 M sucrose, 3 mM MgCl 2 , 0.5% Triton â X-100, supplemented with CPI). The concentration of nuclei was adjusted to 1.5 Q 10 5 /ml with PBS supplemented with CPI and 1.25 Q 10 4 nuclei were attached to slides using a Cytospin 2 cytofuge (Thermo Shandon, Pittsburgh, PA). To determine the optimal extraction time, 50 ml of Halo Buffer (10 mM Tris pH 7.7, 10 mM EDTA, 2 M NaCl, 1 mM dithiothreitol, supplemented with CPI) was placed on the nuclei and incubated for varying times ranging from 0 to 10 min. The reaction was stopped by washing each slide for 1 min in each of a graded series of ice-cold 10Q, 5Q, 2Q and 1Q PBS washing solutions then dehydrated using a series of 1 min washes in 50, 70, 95 and 100% graded ice-cold ethanol baths. The nucleic acids were ®xed to the slide by baking for 2 h at 70°C. Each halo preparation was stained with DAPI (Vysis, Downers Grove, IL). Nuclei were visualized using a Leica DMRXA2 under a 40Q Fluotar objective with a numerical aperture of 0.75 (Leica Microsystems, Wetzlar, Germany). A Retiga EX CCD camera was used to obtain images (Qimaging, Burnaby, BC, Canada) that were subsequently analyzed with Image-Pro Express (Media Cybernetics, Inc., Silver Spring, MD). The time required for nuclear protein extraction was determined as a function of the distance from the edge of the nuclear matrix to the perimeter of the extracted DNA. The minimum time required to reach maximum halo diameter was considered optimal. In this fashion, it was determined that a 3 min extraction was optimal for both the GM00468 and K562 cells.
Preparation of matrix-associated and loop enriched DNA samples
Fractionation of cellular DNA into matrix-associated (MA) and loop enriched (LE) fractions was carried out essentially as described (25) . In brief, thawed GM00468 and K562 cells were washed in PBS supplemented with 1 mg/ml BSA and CPI. The cells were pelleted at 200 g for 7 min, at 4°C, washed in PBS supplemented with CPI then repelleted, this time leaving a small volume (~50 ml) of PBS behind. The cells were resuspended in that small volume then lysed on ice for 15 min following the addition of 2 ml of nuclei buffer supplemented with CPI. Nuclei (1.5 Q 10 7 ) were pelleted at 200 g for 10 min, at 4°C, and the nuclei buffer was aspirated leaving a small volume to resuspend the nuclei prior to nuclear protein extraction. It is crucial that nuclei are not excessively clumped together during the extraction. Two milliliters of halo buffer supplemented with CPI was then added and the nuclear proteins extracted on ice for 3 min. Extraction was stopped with the addition of 50 mM Tris±HCl pH 8.0, 10 mM MgCl 2 to achieve a ®nal concentration of NaCl suitable for restriction endonuclease digestion. The halo preparations were centrifuged at 200 g for 5 min, at 4°C. This mild centrifugation prevented the collapse of the loop onto the matrix structure. The supernatant was then removed leaving~2 ml of buffer containing a very loose and gelatinous matrix pellet. The restriction endonucleases were added (~100 U each, EcoRI/ HindIII or EcoRI/BamHI) and the DNA digested at 37°C for 4 h. These preparations were centrifuged at 16 000 g for 3 min, at 4°C, to ensure the collection of all matrix-associated DNA. The supernatant containing the LE and the pellet containing the MA fractions were placed in separate tubes. The MA fraction was washed three times with 500 ml of restriction buffer then centrifuged at 16 000 g for 3 min, at 4°C. After each wash, the supernatant was removed and discarded. Both samples were digested with 120 mg of proteinase K in a proteinase K buffer (50 mM Tris±HCl pH 8.0 buffer containing 50 mM NaCl, 25 mM EDTA, 0.5% SDS) overnight at 55°C, under slow oscillation. The DNA was puri®ed from both fractions using an af®nity matrix (25) and concentration determined by¯uorescence analysis.
PCR ampli®cation and analysis
Three hundred picograms of MA and LE DNA were used in quadruplicate 20 ml parallel real-time PCR assays using the MJ Research Opticon Monitor (MJ Research, Waltham, MA). The¯uorescence of 0.25Q SYBR-Green (Molecular Probes, Eugene, OR) was measured at each ampli®cation step. Sixty cycles of PCR were carried out using the HotStar Taq polymerase system (Qiagen, Valencia, CA) with the primer pairs shown in Table 2 at the speci®ed annealing temperatures.
The initial amount of target and the ampli®cation ef®ciency were calculated from the¯uorescent ampli®cation curves generated by the Opticon Monitor using the TAQ software (http://vortex.cs.wayne.edu/Projects.html). The conjectural product doubling of PCR (26, 27 ) is illustrated by equation 1, where N is the number of ampli®ed molecules, N 0 is the initial amount of target and n is the number of ampli®cation cycles.
This equation expresses the exponential relationship between the original amount of target and the ®nal quantity of product. A log-linear relationship can be obtained between N and n, by expressing equation 1 as a function of its log, as shown in equation 2, where E represents ampli®cation ef®ciency.
In this example, E assumes a value between 0 and 1. Using identical primer sets in different parallel reactions E typically ranges from 0.80 to 0.99 (35) . In comparison, using different primer sets E can range anywhere from 0.46 to 0.99 (28±30). The TAQ software employs a linear regression of the log transformed¯uorescence intensity data to quantify the reaction ef®ciency and the initial number of target molecules.
RESULTS AND DISCUSSION
It is tempting to utilize the variation in maximum or 50% of the maximum¯uorescence as a gauge to estimate differences in target molecules with real-time PCR. However, PCR reactions saturate for different reasons, including the disparity of primer concentration, competition between the denatured product and primer for primer sites during annealing, the premature inactivation of enzyme, insuf®cient indicator and limitations in detection devices (36) . For these reasons, a comparison of starting template concentrations using measurements dependent on maximum¯uorescence is deemed inappropriate. To overcome this problem, most quantitative real-time PCR methods employ an arbitrarily selected¯uorescence threshold (31, 36) . To be valid, these methods require that the ampli®cation ef®ciencies between test and reference samples be equivalent, as differences in starting template estimates are easily changed by shifting the arbitrarily selected threshold up or down. However, PCR ampli®cation ef®ciencies are seldom equivalent (28±30).
TAQ software
To increase the accuracy in estimating the number of target molecules, we have implemented a log-linear regression analysis of real-time PCR data in the TAQ software (http:// vortex.cs.wayne.edu/Projects.html). As shown in Figure 1 , the relative amount of initial template is automatically calculated as a function of ampli®cation ef®ciency, independent of an arbitrarily selected¯uorescent threshold. Figure 1a and c shows the original¯uorescence intensity data for the G amplicon in the GM00468 cells for both the MA and LE DNA samples. The TAQ software log transforms the data as shown in Figure 1b and d, then ®ts a line to the best portion of the curve. For illustrative purposes only, the average intensity across the samples at each cycle was taken, as shown in Figure 1e , and the corresponding best ®t lines as determined by the TAQ software are shown in Figure 1f . An exhaustive search strategy has been implemented to identify the interval that best ®ts the model. In effect, the TAQ software ®ts multiple linear equations to the PCR ampli®cation data then, using the coef®cient of determination (r 2 ) and a maximum number of data points, selects the best model of the data. The equation of this line is solved for the y-intercept, to estimate the¯uorescence intensity of the 0th cycle of PCR. This value is directly proportional to the initial amount of template. The slope of the ®tted line re¯ects the PCR reaction ef®ciency. When the TAQ software is launched, a graphical user interface is provided. The user speci®es a ®le containing tab delimited¯uorescence intensity data in the appropriate text ®eld. The default format is that of the MJ Research Opticon Monitor. This format has a single top row containing column headers. The ®rst three columns contain`Read',`Cycle' and
Step', followed by any number of columns of¯uorescence intensity data. Prior to analysis, the minimum acceptable regression ef®ciency can be set. This allows the user to independently constrain the sample estimates to the`best' portion of the log-linear phase. Upon selecting the`compute' button, the software parses several iterations of the log-linear regression to yield the best model that minimizes the residual and maximizes the number of points used. As a general rule, only four or ®ve cycles are within the`log-linear' portion of the curve (37) . Together, these constraints eliminate poor or failed reactions and the software demarcates these reactions in the ®nal data set as`N/A'. When the computations are complete, the`save results' button is activated. This must be selected to specify an output ®le name.
As shown in Table 3 , the output generated from the data shown in Figure 1 is a simple tab delimited text ®le containing eight columns. The ®rst column, labeled N, lists the reaction name as indicated in the ®rst row of the input ®le. The second column, Init_amount, estimates the initial amount of¯uores-cence, which is directly proportional to the initial quantity of target. The third and fourth columns, labeled Ef®ciency and Residual, report the PCR reaction ef®ciency and its respective standard error. The ®fth column, Position_Start, re¯ects the speci®c cycle number from which the data extraction began the computation. Column six, Interval, reports the number of PCR cycles used in the regression analysis. The last two columns report the t and P value estimates of signi®cance for the linear regression models. Clearly, even though there are discrepancies in reaction ef®ciencies as observed in Figure 1 and measured in Table 3 , the TAQ software reliably estimates initial template quantities within the quadruplicates of the reactions. They were essentially the same. Only differences of greater than 10-fold represent a signi®cant deviation since the data is collected as an exponential function yet for calculative purposes is expressed as a logarithmic function.
As an initial test of the reliability of the TAQ software, serially diluted human genomic DNA was subjected to realtime PCR. Ampli®cation of b-actin was carried out in quadruplicate for each dilution. The raw data were processed by the TAQ software and the initial¯uorescence calculated. These values were compared to initial template concentrations calculated via UV spectrophotometric quanti®cation using linear regression (y = 0.58x + 16.87, r 2 = 0.900, P < 0.05). Two test reactions containing 5714 and 143 copies of the initial template were also run. Using the TAQ software and the generated standard curve, it was estimated that the test The intensity average at each cycle for quadruplicate PCR reactions, clearly demonstrating differences in ampli®cation ef®ciencies. After transforming the data, the TAQ software ®ts a line to the best portion of each curve submitted, as shown in (f). An exhaustive search strategy has been implemented to identify the interval that best ®ts the model. The equations are solved for their y-intercepts, which estimate the¯uorescence intensity associated with the 0th cycle of PCR. The slope of the ®tted line directly re¯ects the PCR reaction ef®ciency and for the average¯uorescence intensities across cycles in MA is 0.80, and 0.97 for the LE fraction.
samples contained 6200 T 1714 and 249 T 31 (mean T SE of triplicates) initial target molecules, respectively. The difference observed in the second test sample likely re¯ects hardware detection limits. This is supported by the substantial change in¯uorescence intensity associated with the lower target ranges, shown in Figure 2 . The PCR ampli®cation ef®ciency of each reaction was compared to its initial uorescence estimate using linear regression. No relationship was observed (y = ±0.01x + 0.62, r 2 = 0.096, P > 0.05). This veri®es that differences in initial template are not simply a re¯ection of variations in ampli®cation ef®ciency and supports the premise that PCR ampli®cation ef®ciencies are indeed considered by the TAQ software when the number of initial target molecules is estimated. Together, these results show that the TAQ software reliably estimates relative differences in the initial amount of template.
Matrix attachment region (MAR) analysis of the b-globin locus using the TAQ software
Understanding the mechanism of gene potentiation is one of today's greatest scienti®c challenges. It is known that chromatin structure provides a key component to the spatial and temporal control of gene expression (6, 38, 39) . It has been proposed that genes are organized into functional domains by DNA anchors, known as MARs, and anchor to a proteinacious nuclear scaffold. This facilitates genes assuming a transcriptionally permissive state (7, 10) while insulating the loci from neighboring enhancers and the silencing effects of heterochromatin (11, 12) . Even though the precise components of the nuclear matrix have not been clearly de®ned, several in silico and wet bench methods have been developed to facilitate their detection.
Utilizing an in silico approach, a mechanism mediated by alterations in gene-speci®c nuclear matrix attachment has been offered to support the looping model for spatial and temporal regulation of the b-globin locus (22) . This model envisages that the b-globin LCR is consistently located at the nuclear matrix and that speci®c genes are either recruited to or away from the nuclear matrix-bound LCR to either enhance or diminish transcription. To build upon this model, the MAR prediction map shown in Figure 3a was developed using three publicly available pattern matching programs (32, 33, 40) . MARFINDER, now known as MARWIZ, (32) utilizes a prede®ned series of sequence-speci®c patterns that have previously been suggested as containing MAR activity. Using a sliding widow approach, the representation of each pattern is calculated and weighted as a function of the probability that each pattern occurred by chance. Similarly, SMARTest (33) uses a series of precalculated weight matrices derived from the S/MAR database (41) . Once a threshold value of the co-occurrence of weighted matrix patterns is exceeded, a candidate MAR is reported. In contrast, MARSCAN identi®es the 8±16 bp bipartite candidate MAR sequence element pairs that occur within a 200 bp span (34) . Interestingly, only MARWIZ and MARSCAN predict that the LCR/5¢HS region of the b-globin locus is matrix attached. In contrast, all three programs predicted multiple attachment sites in close proximity to the d-and b-globin genes.
To verify or reject the predicted MARs in vivo, human fetal ®broblasts (GM00468), which do not express any elements of the b-globin locus, and cells from the globin expressing K562 cell line were fractionated into MA and LE DNA. Successful partitioning and analysis was veri®ed by the absence of nuclear matrix association of the male germ cell-speci®c expressed gene PRM2. Assuming that 100% of the amplicon is contained within the MA plus LE fraction, the preparations utilized in these MA G, matrix-associated enriched DNA sample G amplicon; LE G, loop enriched DNA sample G amplicon; average, data generated using¯uorescence intensity average at each cycle for quadruplicate PCR reactions. Figure 2 . TAQ software estimates of serial dilutions. Serial dilutions of human genomic DNA were subjected to real-time PCR using b-actinspeci®c primers. The¯uorescence data obtained were analyzed using the TAQ software and the estimates of initial¯uorescence were compared to known concentrations using linear regression. The regression equation obtained was then used to estimate the concentration of two test samples shown as black circles.
assays showed that 65 (GM00468), 89 (K562, EcoRI/HindIII) and 68% (K562, EcoRI/BamHIII) of the PRM2 amplicon was contained within the LE fraction, whereas 35, 11 and 32% was contained within their respective MA fractions. This is in accord with previous work, showing that PRM2 is consistently found in the LE fraction of somatic cells (10, 25) . As determined by either the PCR assay (10) or by¯uorescent in situ hybridization (42), it is only bound in cells of the spermatogenic lineage.
Fifteen different regions spanning the human b-globin locus, as shown in Figure 3a , were assessed using quantitative real-time PCR. Again, assuming that 100% of each amplicon would be found if the MA and LE fractions were combined, the y-intercept medians of the quadruplicates were used to determine the percent of amplicon enrichment within the MA fraction. As illustrated in Figure 3b , matrix attachment was shown in the HS3, 30rep and D amplicons for the non-expressing GM00468 cells. The 596 bp HS3 amplicon maps to a downstream region¯anking the 5¢HS3. In this case nuclear matrix association may silence the expression of the globin locus, similar to the mode of regulation of the Ig-mH and IL-2Ra genes (7, 43) observed during T cell differentiation. In the latter, SATB1 is bound to the enhancer and promoter regions forming a network that recruits chromatin silencers, including Mi-NURD, ISWI, pARP and histone deacetyltransferases, to the loci (7). The 434 bp segment 30rep maps to a LINE1 repeat sequence upstream of the G g gene. The 540 bp D amplicon localizes to a region~200 bp downstream of the yb gene and corresponds to a previously determined site of nuclear matrix attachment (13) . We propose that tethering of these two innocuous regions to the nuclear matrix prevents the globin genes from looping back to the LCR/5¢HS region. The adoption of this nuclear architecture would augment the maintenance of the non-potentiated closed chromatin state that provides the primary means of silencing a locus. The absence of speci®c erythropoietic trans-acting factors would further ensure silencing. The GM00468 cell line appears to uphold the classic`looping' model of regulation as the LCR/5¢HS region is matrix attached while regions surrounding the various nonexpressed globin genes are loop enriched. If the model is correct, actively expressing cells should maintain nuclear matrix attachment at the LCR/5¢HS region and should then recruit those genes being expressed to the nuclear matrix.
To challenge the role of nuclear matrix attachment in the spatial and temporal regulation of the b-globin locus, the same restriction fragments were interrogated using MA and LE DNA fractionated from human erythromyeloid cells (K562). This cell line expresses the e, G g and A g genes of the b-gobin locus (44) . As shown in Figure 3b , the 30rep and D regions were released, the b-globin gene was brought to the nuclear matrix and there was an intriguing shift within the LCR/5¢HS region. Within the LCR/5¢HS region, the HS3 amplicon itself was no longer attached to the nuclear matrix. Instead, the LCR/5¢HS region was attached by the 393 bp HS5 amplicon and the 514 bp HS2 amplicon. Attachment of the HS5 amplicon corroborates the Jarman and Higgs study (13) , while attachment of the HS2 amplicon is novel. These regions correspond to the 5¢HS5 and 5¢HS2 of the LCR/5¢HS region, respectively, and have been implicated in insulation (13, 45, 46) and recruitment/enhancing (21, 47) . Similarly, the 421 bp G and 820 bp IN2 regions were attached to the nuclear matrix. These amplicons map to regions~800 bp upstream of the ®rst exon and within the second intron of the b-globin gene. In K562 cells, the locus appears anchored at each end. Together this supports the view that the chromatin domain achieves a malleable structure. In turn this enables the`active genes' to loop back and interact with the LCR/5¢HS region that is attached to the nuclear matrix.
To substantiate these ®ndings, a second fractionation using an EcoRI/BamHI digest was employed. As shown in Figure 3b , the data con®rmed matrix attachment by the HS5 amplicon and re®ned the region of attachment to the IN2 amplicon. Surprisingly, with this digest the HS2 amplicon showed more of an association than nuclear matrix attachment. This may re¯ect the substantial change in restriction fragment size. The larger 6.6 kb fragment generated by the EcoRI/BamHI digestion may have been partially removed from the nuclear matrix by inadvertent mechanical forces that were incurred during the various extraction procedures. The smaller restriction fragments produced by the EcoRI/HindIII digestion localized the site of nuclear matrix attachment within 5¢HS2. Attachment of intron 2 of the b-globin gene again corroborated previous studies (13) . These data clearly demonstrate that the LCR/5¢HS region and that the b-globin gene is attached to the nuclear matrix in K562 cells. Such changes in the attachment sites show that the b-globin locus displays a dynamic association with the nuclear matrix that is dependent on expression status. Together this supports the view that nuclear matrix association helps mediate the looping transcriptional control of the b-globin locus.
Utilizing a unique approach to real-time PCR analysis, we were able to investigate nuclear matrix association in a variety of regions spanning the b-globin locus. Without the TAQ software, the determination of amplicon enrichment would have required considerable PCR reaction optimization. The TAQ software method offers several advantages when compared to other analysis routines commonly used for quantitative real-time PCR. First, it eliminates the deceptive discrepancies introduced by different ampli®cation ef®cien-cies that are often observed between experiments. Second, the user is not required to select an arbitrary threshold. The threshold is predetermined and thus consistent among experiments. Third, the ampli®cation ef®ciency is calculated for each reaction, providing the user with invaluable information regarding the`quality' of the PCR and facilitating the optimization of laboratory procedures. Armed with the TAQ software, investigators can now ponder the biological implications of their studies rather than conditionally optimizing the technical logistics of PCR quanti®cation. Real-time PCR, using equal amounts of MA enriched and LE DNA fractions from GM00468 and K562 cells, was performed in quadruplicate. The data were analyzed using the TAQ software to estimate the initial amount of template. The percent of each amplicon found in the MA fraction was calculated assuming 100% when the median of the MA and LE fractions are combined. Those amplicons having at least 75% in the MA fraction were considered matrix bound and are shown using black columns. Those having less than 75% but more than 25% in the MA fraction were considered matrix associated and are shown using gray columns. Those amplicons having less than 25% in the MA fraction were considered non-associated and are designated with white columns. The globin non-expressing GM00468 cells show matrix attachment in the LCR, 30rep and D amplicons. The globin expressing K562 cells show matrix attachment in the O, A, G and IN2 amplicons. These attachment sites were veri®ed and narrowed to the O and IN2 amplicons using a second set of endonculease restriction enzymes. These data provide the ®rst evidence that the looping transcriptional control of this locus is mediated through nuclear matrix association.
The results presented in this communication provide the ®rst evidence that nuclear matrix association dynamically mediates the looping transcriptional control of the b-globin locus. As summarized in Figure 4 , we provide evidence that the LCR/5¢HS region of the human b-globin locus is attached to the nuclear matrix in b-globin locus non-expressing cells. This may facilitate the silencing of the enhancer capacity attributed to the LCR/5¢HS region, thus providing another example of negative regulation of a gene locus through nuclear matrix association. Two additional segments between the LCR/5¢HS region and the b-globin gene were also tethered to the nuclear matrix in these cells. These regions likely provide a means to spatially separate the LCR/5¢HS region from the globin genes, ensuring its suppression. In an erythroid cell line that expresses the genes within the b-globin locus, the tethered regions were released from the matrix. The chromatin domain was remodeled with distinct matrix attachment sites appearing within the LCR/5¢HS region and the b-globin gene. This dynamic release of the central tether would enable each gene destined for transcription to loop back and interact with the matrix-attached LCR/5¢HS region.
